Coronary collateral growth is a process involving coordination between growth factors expressed in response to ischemia and mechanical forces. Underlying this response is proliferation of vascular smooth muscle and endothelial cells, resulting in an enlargement in the caliber of arterial-arterial anastomoses, i.e., a collateral vessel, sometimes as much as an order of magnitude. An integral element of this cell proliferation is the process known as phenotypic switching in which cells of a particular phenotype, e.g., contractile vascular smooth muscle, must change their phenotype to proliferate. Phenotypic switching requires that protein synthesis occurs and different kinase signaling pathways become activated, necessitating energy to make the switch. Moreover, kinases, using ATP to phosphorylate their targets, have an energy requirement themselves. Mitochondria play a key role in the energy production that enables phenotypic switching, but under conditions where mitochondrial energy production is constrained, e.g., mitochondrial oxidative stress, this switch is impaired. In addition, we discuss the potential importance of uncoupling proteins as modulators of mitochondrial reactive oxygen species production and bioenergetics, as well as the role of AMP kinase as an energy sensor upstream of mammalian target of rapamycin, the master regulator of protein synthesis.
Introduction
The abluminal expansion of coronary collateral vessels, to wit, the process we term collateral growth (also known as arteriogenesis), is an adaptive mechanism in the heart initiated by ischemia. The benefit of this adaptive response is striking in that patients with well-developed collaterals show reduced incidence of sudden death and smaller infarcts in the event of a coronary occlusion (45, 49, 55, 56) . In their native state, coronary collateral vessels are small, high-resistance channels that have limited potential to supply flow to the myocardium downstream from an occluded, or severely stenotic, coronary artery. Indeed, in most animal models and in humans, native collateral flow is typically 70 -90% less than flow to the normal zone (23, 54) , which indicates their small native caliber and thus high resistance to flow. However, collateral vessels have great potential to remodel via abluminal expansion, which is reported to increase the lumen caliber between 5-and 10-fold that of native, unstimulated collaterals. The expansion results in a tremendous decrease in collateral resistance, which significantly increases blood flow to the collateral-dependent region of the myocardium. Fully developed collaterals can carry sufficient flow to prevent or minimize myocardial infarction in the event of a coronary occlusion.
In addition to stimulation of collateral growth, there is also evidence that myocardial ischemia initiates de novo angiogenesis (8, 37 ), which appears to parallel the presence of ischemia, i.e., as the ischemic stimulus waxes, capillary growth is evident but as the ischemic signal wanes, capillary growth stops and rarefaction occurs until capillary density has returned to basal conditions (35) . In contrast, collateral growth continues as ischemia is resolved. This observation has led us to speculate that collateral growth is initiated by ischemia, but other regulatory mechanisms, e.g., shear stress, likely play a key role in the continuation of remodeling after the ischemic signals wane. Despite the fact that expansion of collateral vessels is functionally important to ameliorate or even eliminate myocardial ischemic injury, there are large interindividual differences in the number and the calibers of collateral vessels formed. These may be explained by variations in the anatomical position where the ischemic event occurred (8, 60) , severity and duration of stenosis (24) , and likely individual capacity to develop functional collateral vessels (i.e., as determined by redox state, expression of cytokines and growth-factors, and homing of inflammatory cells, etc.). Therefore, it is important to understand the complex genetic and molecular mechanisms leading to the development of the native collaterals as well as induced growth of these vessels. Moreover, it is equally important to determine the mechanisms underlying impaired collateral growth in models of vascular disease and endothelial dysfunction and to better design therapeutics/strategiesm enabling the induction of arteriogenesis. In this context, we believe that mitochondrial function is critical to collateral growth, and its bioenergetic component provides a common link among many factors and stimuli that affect this adaptive process in the heart. To introduce a recurring theme throughout this review, our hypothesis is that mitochondrial function provides a permissive role for collateral growth by maintaining energetic capacity and reserves, to enable phenotypic switching of cells that occurs during vascular growth. To frame this perspective, we emphasize the myriad kinase cascades that are activated during vascular growth with this important caveat: every kinase uses ATP to phosphorylate its target or substrate. Thus ATP is critical for these adaptive processes that involve kinase activation. Our goal for this review is to discuss a link among mitochondrial oxidative stress, bioenergetics and coronary collateral growth, and how energetically-based signaling, e.g., 5=-adenosine monophosphate kinase (AMPK), may be considered in therapies designed to stimulate the growth of coronary vessels in the heart, particularly in patients with metabolic syndrome.
Mitochondrial Function and Structure
The term, mitochondrion, was derived from combining the Greek words, mitos (thread) and chondrion (granule). Mitochondria play central roles in high energy phosphate (ATP) and heat production in eukaryotic cells (18, 36, 39) . In addition to these processes, mitochondria are involved in calcium homeostasis (17) , intracellular signaling (18, 20) , apoptosis (15, 16) , heme and steroid synthesis (42, 51) , cellular proliferation, and membrane potential regulation (36) , as well as oxygen sensing (7) . Most of these processes are critically dependent on energy that is produced by the hydrolysis of ATP, the majority of which is produced via aerobic metabolism in the mitochondria.
Following enzymatic reactions that degrade carbohydrates, fats, and proteins into smaller molecules such as pyruvate, fatty acids, and amino acids, respectively, mitochondria further transform these energetic elements into NADH and/or FADH 2 , through ␤-oxidation and the Krebs cycle. These reducing equivalents are then used by the mitochondrial respiratory chain in a process called oxidative phosphorylation, in which electrons derived from oxidation of NADH and FADH 2 are passed along electron transport chain and ultimately transferred to molecular oxygen at complex IV (53) . The incremental release of energy produced by oxidation of these reducing equivalents is used to pump protons (H ϩ ) into the intermembrane space, creating an electrochemical gradient that is subsequently used by ATP synthase (complex V) for the phosphorylation of ADP into ATP. During this process, a small percentage of electrons (estimates range from 0.01 to 1-2% depending the preparation and state of respiration) "escape" from the complexes and react with oxygen to form superoxide (O 2 ·Ϫ ), a highly reactive variant of reactive oxygen species (ROS). If the rate of superoxide formation exceeds the capacity of mitochondrial antioxidant systems [e.g., superoxide dismutase-2 (SOD-2)], toxicity can occur. This leads to damage of mitochondrial DNA, proteins, membrane components and ultimately compromises key mitochondrial functions such as cellular respiration. This state of impaired molecular function due to damage inflicted by accumulation of ROS is commonly referred to as oxidative stress. Oxidative stress strongly correlates with mitochondrial dysfunction and likely contributes to the decline in mitochondrial bioenergetics associated with aging processes and many mitochondrial-related diseases (27) .
Recent advances in mitochondrial imaging have revealed that mitochondria are highly dynamic and form networks in living cells. They undergo fission and fusion processes constantly. The balance between mitochondrial fission and fusion is altered in response to various stimuli, e.g., fission can be associated with apoptosis, stress, or cellular division, whereas fusion can transmit signals concerning energy and Ca 2ϩ levels and facilitate exchange of mitochondrial DNA and proteins (32) . In addition to fission and fusion, mitochondria also move along the cytoskeleton by attaching to specific motor and connector proteins. Although mitochondria share similar functions in most tissues, their morphology, dynamic behavior, and regulation vary greatly in a cell type-specific manner to achieve cell type-specific functions for particular physiological demands. For instance, formation of mitochondrial networks in neurons is regulated by local calcium concentration and directed to cellular regions of high energy demand (26) , whereas mitochondria in adult cardiomyocytes and skeletal muscles are tethered to form an arrangement between myofibrils so as to provide continuous energy supply for contraction (32) .
Mitochondrial Production of ROS
Cellular sources of ROS generation within the cardiovascular system include cardiomyocytes, endothelial cells, and neutrophils. ROS can be produced by several mechanisms including electrons leaked from mitochondrial complexes, NADPH oxidase, and xanthine dehydrogenase/xanthine oxidase (61) . In cells and organs with high-energy demands, there is a high density of mitochondria that not only produce ATP but also ROS as a by-product of mitochondrial respiration. ROS are produced in the mitochondria because the transfer of electrons through the electron transport chain is not 100% efficient. Consequently, a small percentage of electrons escape from electron transport chain complexes and reduce O 2 to produce O 2 ·Ϫ (2) . Although this is a low rate of electron leakage, considering the continual flux of electrons for energy production in metabolically active tissues, this leak translates to an enormous production of ROS by the mitochondria.
Within mitochondria, O 2 ·Ϫ is normally neutralized by superoxide dismutase-2 (SOD-2 or Mn-SOD), which is located in the mitochondrial matrix and also by superoxide dismutase-1 (SOD-1 or Cu/Zn-SOD). SOD-1, typically considered as cytoplasmic SOD, is also located between the inner and outer mitochondrial membranes (43 (46) .
Uncoupling proteins (UCPs) are mitochondrial proteins that can serve to reduce production of ROS. These proteins depolarize mitochondria, which reduces the potential driving electron transfer and as such decrease ROS generation (57) . The idea that metabolic uncoupling regulates mitochondrial ROS generation was initially based on evidence indicating that mitochondrial ROS production is increased in UCP-3 Ϫ/Ϫ mice, although there may be other compensatory mechanism(s) to mediate this increase (63) . Mitochondrial ROS levels can be effectively controlled by the rate of proton reentry into the mitochondrial matrix. This process is mediated through UCPs. UCPs are a family of inner mitochondrial membrane proteins whose main function is to allow the reentry of protons to the mitochondrial matrix, bypassing ATP synthase. Thus UCPs represent a line of antioxidant defense aimed at resolving mismatches between outward and inward proton fluxes (5, 58) . Secondary to allowing proton reentry, UCPs have been shown to regulate energy metabolism as well as control body mass (3-5, 13, 41) . Because of their roles in the intersection between energy efficiency and oxidative stress, UCPs have drawn our attention particularly to how they can impact oxidative metabolism positively and negatively, especially in cardiovascular function.
Mitochondria as Targets of Oxidative Stress
One of the consequences of excessive production or inadequate neutralization of ROS in the mitochondria is the oxidative modification of mitochondrial DNA (mtDNA). Mitochondrial DNA is more susceptible to oxidative damage than nuclear DNA for a number of reasons. First, mitochondria do not have complex chromatin organization consisting of histone proteins, which serve as a protective barrier against ROS. Second, mitochondria have relatively limited repair activity against DNA damage compared with the nucleus, which harbors an extensive armament of DNA repair mechanisms. Third, the O 2 ·Ϫ formed inside the mitochondria cannot pass through the membranes, and hence, oxidative damage resulting from mitochondrial ROS may be largely confined to the mitochondria (61, 62) . Fourth, the close proximity of mtDNA to the sites of ROS production in the mitochondrial matrix enables conditions conducive to oxidative modification of DNA bases (14) . We do not completely ignore a possible damaging effect from cytosolic-derived ROS or the potential cross talk between the cytosolic and mitochondrial ROS, but the vulnerability of mtDNA to ROS and the high densities of mitochondria in the myocardium provide rationale, suggesting that the myocardium is more prone to oxidative damage derived from the mitochondrial electron transfer. Chronic increases in mitochondrial ROS can induce mitochondrial DNA fragmentation and rearrangement (44, 64) , followed by compromised mitochondrial structure and function. By overwhelming cellular antioxidant systems, excessive mitochondrial ROS production also induces a vicious cycle of cytosolic ROS production, which in turn leads to a detrimental decline in myocardial function, progression of myocardial remodeling, and heart failure (21) .
Although there is no question about the existence of mitochondrial oxidative stress as being distinct from some of the causes of hindered coronary collateral growth, the answers to understanding the precise mechanisms linking the former impairment to the latter are evasive. Previously, in a model of Zucker obese fatty (ZOF) rats with insulin resistance and impaired endothelial function, we found that resolution of mitochondrial oxidative stress restored coronary collateral growth to levels approaching those in control lean rats (47) . However, our results did not delineate the precise mechanism(s) by which mitochondrial oxidative stress exerted this negative influence. We speculate that mitochondrial oxidative stress, which induces oxidative modification of mtDNA (11, 12, 50) , impairs expression of the mitochondrial genome. The mitochondrial genome contains 13 genes that encode proteins that are critical for oxidative phosphorylation and energy production. The absence of these proteins leads to reduced efficiency of electron transfer, resulting in higher rates of electron leakage and consequent ROS production. The increased ROS levels lead to further mtDNA damage, thus producing a vicious cycle of mitochondrial dysfunction. One reason that alleviation of mitochondrial ROS levels may have been successful is that the administration of mitochondrialdirected free radical scavengers interfered with this vicious cycle and allowed restoration of normal mitochondrial function.
Energy Sensors and the Modulation of Cell Phenotype
5=-Adenosine monophosphate-activated protein kinase (AMPK) was first characterized as a "fuel gauge" in modulating cellular energy flux in eukaryotic cells in response to an increased ratio of AMP to ATP under stressful conditions (30, 34) . AMPK is a heterodimeric protein kinase comprised of one catalytic subunit-␣ and two regulatory subunits-␤ and -␥ (6, 29, 38) . While AMPK is ubiquitously expressed, its activation is heavily regulated. The primary mechanism responsible for AMPK activation involves phosphorylation of threonine residues on the ␣-subunit by at least two known AMPK kinases, the tumor suppressor gene liver kinase B1 and calcium calmodulindependent kinase (67) . In addition, a rise in 5=-AMP levels resulting from the adenylate kinase reaction (2 ADP ¡ ATP ϩ AMP) or from the hydrolysis of ATP and/or dephosphorylation of ADP will lead to allosteric activation of AMPK via AMP binding to the ␣-subunit (66) . Once activated, AMPK will phosphorylate downstream target proteins, with its activity proportional to work and turnover of ATP (66) . Activation of AMPK produces a wide range of regulatory effects on metabolism, including either inhibition or stimulation of energy expenditure in a tissue-dependent manner. In the liver, for example, AMPK activation is linked to inhibition of ATPconsuming processes, e.g., decreased protein synthesis, and promotion of energy-conserving cellular processes, e.g., increased glucose uptake, decreased expression of gluconeogenic enzymes, and stimulation of glycogen, cholesterol, fatty acid, and triacylglycerol synthesis (19) . By contrast, in skeletal muscle, AMPK activation supports energy-expending processes such as increased glucose and fatty acid oxidation (thus increasing insulin sensitivity) (19) , inhibition of fatty acid synthesis, and acceleration of mitochondrial biogenesis (31) . AMPK has also been implicated in many additional processes such as exercise-induced vascular growth, tumorigenesis, atherosclerosis (33, 40, 68) , and inflammation (28) . However, in the context of coronary collateral growth, perhaps the most important role that AMPK plays is as an energy sensor.
As such, we believe AMPK is positioned to determine whether the energy status of a cell is sufficient to enable phenotypic switching, or in the situation of energy limitations, prevent phenotypic switching and growth. Indeed, recent work from our laboratory has shown during impaired mitochondrial bioenergetics induced by oxidative stress, AMP kinase is activated (48) . Activation of this kinase has profound effects on events involved in growth, such as inhibiting the activity of mammalian target of rapamycin (mTOR), one of the master regulators of protein synthesis. We envision a scheme in which impaired mitochondrial function results in diminished production of ATP. The diminished production of ATP would increase the ratio of AMP to ATP, leading to the activation of AMP kinase. This would in turn phosphorylate mTOR, inhibiting its activity. A decrease in mTOR activity would decrease the phosphorylation of p70 S6 kinase and 4E-BP1, which would inhibit mRNA translation. Thus any biological or pathological effect that would compromise mitochondrial function may have profound consequences on the systems adaptive response to ischemia.
Coronary Collateral Growth: Roles of UCPs and AMPK Under Normal Physiological and Pathophysiological Conditions
Under pathological conditions, mitochondrial uncoupling has been implicated in tumor growth (1) . Some data have shown that cancer cells favor aerobic glycolysis over mitochondrial oxidative phosphorylation to meet rapid and uncontrolled cellular proliferation, although recent data suggest that mitochondrial biogenesis is vital for tumor growth (61) . This metabolic switch is known as the "Warburg effect." UCP-2 plays a role in this metabolic switch by reducing ROS production secondary to a decreased mitochondrial membrane potential, thus protecting the tumor cells from mitochondrial oxidative stress. Although the molecular mechanisms underlying the "Warburg effect" in cancer cells are not completely understood, several lines of evidence have shown that UCP-2 seems to counteract activities of the tumor suppressor protein p53. First, overexpression of UCP-2 in colon cancer cells diminished ROS levels and interfered with phosphorylation of p53 at Ser15, Ser33, and Ser46 by stress-induced protein kinases (9) . Second, cancer cells with overexpression of UCP-2 displayed an increased reliance on glycolytic metabolism (9) and siRNA knockdown of UCP-2 reversed this phenotype (52) . Third, activation of p53 favors transcription of target genes involved in oxidative phosphorylation, so inhibition of p53 by UCP-2 would further promote a shift in metabolism from mitochondrial respiration toward glycolysis (65) . Fourth, translocation of p53 to initiate the intrinsic apoptotic cascade was blocked by uncoupling effect of FCCP, whereas UCP-2 knockdown promotes this translocation in JB6 cells (59) . Overall, these data support the notion that UCP-2 promotes cancer growth not only through inhibition of oxidative stress via reduced mitochondrial ROS production but also by inhibiting key tumor suppressor functions mediated by p53. The relevance of the following data for coronary collateral growth is based on the observation that mitochondrial dysfunction in cardiac tissue from obese rats correlates with impaired capacity for arteriogenesis. Our laboratory previously observed that the growth of coronary collaterals was impaired in ZOF rats compared with lean rats (21, 22) . ZOF rats are a model of the human metabolic syndrome because these rats share many of the same afflictions including obesity, insulin resistance, hyperlipidemia, hyperinsulinemia, and hyperphagia (46) . As the metabolic syndrome is tightly associated with mitochondrial dysfunction, we studied mitochondrial function in ZOF rats (47) . We observed higher lipid peroxide contents and oxidative stress from mitochondrial proteins isolated from the left ventricular tissues in the obese compared with lean rats. In addition, expression of UCP-2 was higher and mitochondrial bioenergetic capacity was reduced in ZOF rats. Treatment with a mitochondrial-targeted antioxidant mitoquinone lowered lipid peroxidation levels and improved antioxidant protein expression significantly in ZOFs. More importantly, mitoquinone normalized mitochondrial respiration profiles and UCP-2 expression to levels observed in the lean rats.
We believe that improvement in respiration profiles and antioxidant defenses leading to partial restoration of coronary collateral growth in the obese rats (mentioned in the preceding paragraph) is directly connected to AMP kinase signaling. More specifically, in ZOF rats, mitochondria demonstrate both impaired bioenergetic capacity and a higher degree of oxidative stress (47) . This compromises high-energy phosphate production, which would increase the amount of AMP, whereas that of ATP would decrease. These events would lead to activation of AMP kinase, which would inhibit protein synthesis through decreasing mTOR activity. A decrease in protein synthesis would have many adverse consequences on coronary collateral growth. Resolution of mitochondrial oxi- Fig. 1 . Hypothetical representation of the relationship between mitochondrial function and coronary collateral growth. When mitochondrial function is impaired, bioenergetics capacity is limited and energy production is impaired. This leads to activation of AMP kinase and inhibition of mammalian target of rapamycin (mTOR), as master regulator of protein synthesis. Also as mitochondrial function is impaired, reactive oxygen species (ROS) production by the mitochondria is increased, which can lead to fragmentation of mitochondrial DNA, further impairing mitochondrial function. dative stress improved respiration profiles and antioxidant defenses (47) , which led to partial restoration of coronary collateral growth in the obese rats in response to ischemia. Taken together, these results imply that in obese rats, mitochondrial oxidative stress and the consequential impaired bioenergetic capacity of the mitochondria impairs coronary collateral growth, whereas rectification of the oxidative stress with mitochondrial-directed free radical scavengers restores coronary collateral growth in response to repetitive ischemia (Fig. 1) .
We readily admit that the review is centric from the aspect of focusing on the energetic basis of phenotypic switching in vascular growth. We would be remiss not to mention many other aspects of growth that require energy. For example, secretion of matrix, production of matrix metalloproteases, and migration all require energy. Thus a more comprehensive analysis of vascular growth and the requirement of energy is more complicated than presented in Fig. 1 , but importantly, these issues only reinforce the importance of energy and bioenergetics in the process-they do not diminish it.
Future Perspectives and Conclusion
Why nature selected limited numbers of genes (a total of 37) to be encoded solely by mitochondrial DNA, which is maternally inherited, but thousands of others by the nuclear genome remains unknown. What are the underlying signaling mechanisms that fine-tune the cross talk between mitochondrial and nuclear-encoded polypeptides, allowing them to perform a highly coordinated task that meets cell type-specific energetic and signaling demands involved in the phenotypic switching from quiescence to proliferation or migration (25) ? What can we learn from mitochondrial networks (i.e., tubular forms, beaded fragments, etc.), dynamics (i.e., fusion and fission), and the overall abundance of supramolecular assemblies in relation to the functional consequences for energy production? Also, do we know enough regarding mitochondrial functional complementation? It is no surprise that mutations and/or deficiencies in any of the polypeptides required for maintaining the proper functions and structures of mitochondria are one of the major causes of a variety of cardiovascular, muscular, neurological, and endocrinological diseases and aging (10) .
In our opinion, mitochondria play a central role in the growth of coronary collateral vessels. Their role is largely permissive in that they supply energy to enable phenotypic switching of cells, a necessity for vascular growth. However, in the situation of mitochondrial oxidative stress, oxidative modification of mtDNA impairs transcription of the mitochondrial genome, ultimately inducing further ROS production. This not only results in limited energy production that impairs the energetic requirements for phenotypic switching of cells but also leads to a vicious cycle where mitochondrial oxidative stress begets further mitochondrial oxidative stress. We opine that mitochondrial integrity and proper mitochondrial function have a central position in the growth of coronary collaterals.
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